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Abstract. Atmospheric concentrations of methanol, ac-
etaldehyde, acetone, isoprene and monoterpenes were mea-
sured using PTR-MS (proton transfer reaction mass spec-
trometry) in a boreal forest site in Hyyti¨ al¨ a, Finland
(61◦510 N, 24◦170 E). The concentration measurements were
made in the upper canopy of a Scots pine forest during 6
June, 2006–31 August, 2007. Meteorological variables such
as temperature and photosynthetically active radiation were
measured simultaneously. We also detected biologically sen-
sitive turnover points such as the onsets of photosynthetic
activity, onset of growing season, bud burst and stem growth
during the annual cycle and compared them to changes in
BVOC (biogenic volatile organic compound) concentrations.
A typical seasonal pattern of winter minimum and summer
maximum was found for all studied compounds except ac-
etaldehyde. Spring time methanol and acetone concentra-
tions increased together with photosynthetic capacity. The
day-time daily median BVOC concentrations correlated best
with air temperature. The intercorrelations between com-
pounds and the analysis of meteorological conditions indi-
cated that the measured concentrations presented well the lo-
cal source. During an exceptional summer drought period
the concentrations were neither connected with photosynthe-
sis nor transpiration, but they were regulated by some other,
yet unknown factors.
Correspondence to: H. K. Lappalainen
(hanna.k.lappalainen@helsinki.ﬁ)
1 Introduction
Forests are a signiﬁcant source of volatile organic compound
(VOC) emissions. Globally, the emissions from boreal ar-
eas are less than those from temperate or tropical regions,
but their contribution to regional BVOC (biogenic volatile
organic compound) budget is signiﬁcant (Guenther et al.,
1995). Studies of BVOC emissions from the boreal forest
zone consider mostly monoterpenes and isoprene, but boreal
forests also emit methanol, acetone and acetaldehyde (Jan-
son et al., 1999; Janson and Serves, 2001; Rinne et al., 2007).
The emitted compounds differ between the major boreal tree
species. Scots pine (Pinus sylvestris L.) and Norway spruce
(Picea abies L. Karst.) and some deciduous tree species like
silver birch (Betula pubescens Ehrh.) are mainly monoter-
pene emitters, whereas trembling aspen (Populus tremula L.)
and willow (Salix) species emit mostly isoprene (Janson and
Serves, 2001; Hakola et al., 2000). Once emitted into the
atmosphere, the BVOCs may participate in the secondary or-
ganic aerosol (SOA) growth which is part of the atmospheric
particle formation processes critical to the climate system
(Kourtchev et al., 2008; Kulmala et al., 2004, 2007; Tunved
et al., 2006).
The BVOC concentrations in the atmospheric boundary
layer are affected by several biological and physical pro-
cesses of different temporal and spatial scales. First, there
are the emissions from the biological sources (here plants)
that depend on physiological status of plants and their reac-
tions to the environment (PPFD, temperature, stress etc.) as
well as plant internal capacity to produce BVOCs (seasonal
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effect) and the size of plant BVOC storage and their possi-
ble reactions to the environment. Second, the atmospheric
concentrations are affected by the chemical reactivity of a
substance, the long range transport and the mixing of the at-
mosphere.
The central plant physiological processes in question here
are photosynthesis, growth and speciﬁc, defence-related
metabolism which starts to take place under stress. Isoprene
and monoterpenes are synthesized in processes related to the
biosynthesis of carotenoids in the chloroplasts. Their for-
mation is thus regulated at least partly by the same factors
(Owen and Penuelas, 2005). The substrates involved in their
biosynthesis are derived from the Calvin cycle, and there-
fore a direct link to photosynthesis has been postulated and
formulated in a physiological model framework describing
emissions of isoprene (Niinemets et al., 1999) and monoter-
penes (B¨ ack et al., 2005). Methanol emissions, on the other
hand, seem to be related to growth. Methanol is produced
during cell wall expansion in pectin biosynthesis process
(Galbally and Kirstine, 2002). Acetaldehyde and acetone
can be derived from several metabolic routes (Fall, 2003).
Acetaldehyde, for example, can be produced during light-
dark transitions as a result of sun ﬂecks that increase cy-
tosolic pyruvic acid or as a result of metabolism in anaero-
bic roots (oxygen deﬁciency in the soil – soil ﬂooding) or
during senescence and leaf wounding (Kreuzwieser et al.,
2004). Acetone is produced in both light-dependent and -
independent processes, which may be related to the decar-
boxylation of acetoacetate (Fall, 2003).
Previous studies have shown that the most important envi-
ronmental factors controlling the isoprene, monoterpene and
methanol emissions are air temperature (Tingey et al., 1980)
together with light intensity (Guenther et al., 1991; Folkers
et al., 2008). Plants are constantly changing the physiolog-
ical status and acclimate to the environment following cues
from their environment during previous hours, days or even
seasons (¨ Oquist and Huner, 2003; M¨ akel¨ a et al., 2004). It is
very probable that environmental factors together with plant
physiological status inﬂuence also the BVOC metabolism
in a comparable time scale (Guenther 1997; Monson et al.,
1995; Grote and Niinemets, 2008).
Recent progress in on-line ﬁeld measurement techniques,
such as proton transfer reaction mass spectrometry (PTR-
MS) enables long-term measurements of VOC compounds
(Lindinger et al., 1998) and holistic studies of the effects of
changing climate and biological controls on VOC concen-
trations (Fall, 2003). Long term in-situ measurements are
especially important in the areas like boreal forests which
are characterized by potentially high BVOC emission. In
many cases BVOC emission measurements are made on a
leaf and/or branch scale (shoot chamber technique) and then
scaled up to present canopy emissions or atmospheric con-
centrations using canopy scale models (Grote and Niinemets,
2008). Contrary to that approach, air concentration measure-
ments provide data measured directly at forest canopy scale.
However, it remains for each study to show whether they rep-
resent the canopy emissions at the particular situation.
The capacity for BVOC biosynthesis in perennial plants
may vary during the annual cycle. Sensitive periods such
as the onset of photosynthesis, internal allocation of photo-
assimilated carbon and different phenological phases like
bud burst along with increasing leaf area and mass in spring
could stimulate daily BVOC emissions. In this study we
present the seasonal courses of ﬁve BVOC compounds at the
upper canopy level of a boreal Scots pine forest. First we
evaluate how well the concentrations represent local emis-
sions and then we trace the linkage between the concentra-
tions and biological activity in canopy scale. Finally, we
determine which environmental factors predict the measured
concentrations best. We analyse the linkage between concen-
trations and biologic activity in seasonal and daily scale. Our
aim was to determine how well air concentration measure-
ments of BVOCs can be linked with the potential emission
activity of the forest.
2 Material and methods
2.1 Measurement site
All the measurements were carried out at the SMEAR-II sta-
tion (Station for Measuring Forest Ecosystem – Atmosphere
Relations), which is located in the boreal forest in Hyyti¨ al¨ a
(61◦510 N, 24 ◦170 E, 181ma.s.l.), southern Finland (Hari
and Kulmala, 2005). The typical landscape surrounding the
station 5km to every direction includes evenly distributed
stands of pine, spruce and mixed forests (Fig. 1). The forest
at the station is a homogeneous 47-year-old (16m in height)
Scots pine (Pinus sylvestris L.) stand originally planted from
seed in 1962. The Scots pine and spruce (Picea abies L.
Karst.) represented 79% of trees with DBH (Tree diameter at
breast height) >5cm in the stand. However broadleaved tree
species (Norway spruce (Picea abies L. Karst.), trembling
aspen (Populus tremula L.), white birch (Betula pubescens
Ehrh.), grey alder (Alnus incana L. Moench)) represented
63% of trees per ha (Ilvesniemi et al. , 2009). Typical species
covering the ground layer are heather (Calluna vulgaris L.),
lingonberry (Vaccinium vitis-idaea) and blueberry (V. myr-
tillus). The forest soil type is haptic podzol.
The station is located in a sparsely populated area of a mu-
nicipalityJuupajoki. TheonlysourceofVOCsexternaltothe
forests are two sawmills and a pellet factory in Korkeakoski
village, approximately 15km South-East from the station.
The annual processed log volume in the local wood indus-
try is ca. 950000m3. During summer the industry is closed
for about one month in July. The industrial VOC emissions
originate from drying and processing softwood, mainly pine
and spruce.
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Fig. 1. A 4 km
2 map of the SMEAR II station; forest harvesting
areas are marked with light gray squares, agricultural ﬁelds with
dark gray rectangulars, buildings with black squares, wetlands and
mires with cross-lining and forest with ∧.
that mass class. The PTR-MS was calibrated regularly with
a gas standard (Taipale et al., 2008; Ruuskanen et al., 2009).
The detection limits for individual measurements with an in-
tegration time of 2 s were: M33 300 pptv, M45 76 pptv,
M59 74 pptv, M69 53 pptv and M137 46 pptv (Taipale et
al., 2008).
The data were collected during ﬁfteen months, between
June 6, 2006 - August 31, 2007. To be able to correlate
concentrations with plant physiological activity, we divided
the dataset into seasons based on calendar months (Table 1).
To make the dataset representative of the postulated maxi-
mum emissions, we used day-time medians of the BVOC
concentrations (Table 1). The time windows speciﬁed for
eachseasonrepresentedthetimewhenthesunishighenough
to cause atmospheric mixing (Rinne et al., 2005). Further-
more the daytime observations presented the gas exchange
from stomata to air rather than the VOC deposition to leaves,
which may occur during night. The number of observations
varied betweenseasons due to temporaryfailures of the mea-
surement system. The longest gap in the dataset was from
September 26 to November 29, 2006.
2.3 Meteorological and biological measurements
Meteorologicaldatawereobtainedfromstandardhalf-hourly
micrometeorological measurements at the SMEAR-II sta-
tion. Air temperature was measured at 8.4 m using a ven-
tilated and shielded Pt-100 sensor. Precipitation was sam-
Table 1. The time windows (local time, GMT+2) used for calculat-
ing the day-time median concentrations at the seasonal and monthly
scale.
Season Months Time window
Summer 2006, 2007 June 07 a.m. - 18 p.m.
Summer 2006, 2007 July 07 a.m. - 18 p.m.
Summer 2006, 2007 August 07 a.m. - 18 p.m.
Autumn 2006 September 09 a.m. - 16 p.m.
Winter 2006 December 11 a.m. - 16 p.m.
Winter 2007 January 11 a.m. - 16 p.m.
Winter 2007 February 11 a.m. - 16 p.m.
Spring 2007 March 09 a.m. - 17 p.m.
Spring 2007 April 09 a.m. - 17 p.m.
Spring 2007 May 09 a.m. - 17 p.m.
pled with bottles or buckets. Soil temperature (humus layer
at 5 cm) and photosynthetically active photon ﬂux density
(PPFD, 400-700 nm) were detected by a thermistor and a
quantum sensor (Li-Cor LI -190SZ), respectively. Wind
speedanddirectionwereobtainedfromultrasonicanemome-
ters (Thies Ultrasonic Anemometer 2D). For a more detailed
description of the measurement systems see Vesala et al.
(1998).
We also measured Net Ecosystem Exchange (NEE) us-
ing the eddy covariance method (sonic anemometer with gas
analyzer Solent 1012R2). Wind speed and CO2 concentra-
tion were measured with frequency of 10 Hz and the CO2-
ﬂux was calculated from the covariance of the vertical wind
speed and CO2 concentration ﬂuctuation and averaged over
30 min. Total Ecosystem Respiration (TER) was estimated
from the nighttime NEE and extrapolated to cover daytime
using a temperature regression on organic layer temperature
(see M¨ akel¨ a et al., 2006). Gross Primary Production (GPP)
was calculated by subtracting TER from NEE. When mea-
sured NEE was rejected or missing, GPP was directly esti-
mated as a saturating function of PPFD. Note that GPP is
positive when CO2 ﬂux is towards the canopy and NEE is
negative.
Soil water content, used for the determination of the
drought period, was measured continuously at several loca-
tions anddepthsusing Thetime domainreﬂectometry(TDR)
method (TDR100, Campbell Scientiﬁc, Logan, UT, USA).
The drought period was deﬁned as a period when volumetric
soil water content in the mineral soil was below 0.15 m3/m3
(B horizon 30 cm). This value corresponds to soil water po-
tential of -2 MPa and B-horizon represents the depth where
the trees take most of the water (Duursmaet al., 2008). In the
summer of 2006 the soil water content was below the limit
value from June 20 to 30 August (data not shown). The ef-
fect of drought on the gas exchange of trees was detected in
the end of July and a signiﬁcant decrease was observed in
July - August. Summer 2006 was the driest summer detected
Fig. 1. A 4km2 map of the SMEAR II station; forest harvesting
areas are marked with light gray squares, agricultural ﬁelds with
dark gray rectangulars, buildings with black squares, wetlands and
mires with cross-line and forest with ∧.
2.2 BVOC measurements
The BVOC concentrations (volume mixing ratios) [ppbv]
were measured at the upper canopy level (14m height) using
the PTR-MS system described in more detail by Taipale et al.
(2008) and Ruuskanen et al. (2009). Every second or third
hour the ambient BVOC concentration was measured by tak-
ing 15–25 samples per hour. In this paper, we present con-
centrations of methanol (detected at 33amu, M33), acetalde-
hyde (M45), acetone (M59), isoprene and methylbutenol
(MBO) (M69), and monoterpenes (M137). The PTR-MS
measuresconcentrationsaccordingtomolecularmasses. The
masses presented here may also contain other compounds
of similar mass. From here on, however, we call the mass
classes by the name of the BVOC compounds that form
the major part of the material detected by that mass class.
The PTR-MS was calibrated regularly with a gas standard
(Taipale et al., 2008; Ruuskanen et al., 2009). The detection
limits for individual measurements with an integration time
of 2s were: M33 300pptv, M45 76pptv, M59 74pptv, M69
53pptv and M137 46pptv (Taipale et al., 2008).
The data were collected during ﬁfteen months, between 6
June, 2006–31 August, 2007. To be able to correlate con-
centrations with plant physiological activity, we divided the
dataset into seasons based on calendar months (Table 1). To
make the dataset representative of the postulated maximum
emissions, we used day-time medians of the BVOC con-
centrations (Table 1). The time windows speciﬁed for each
Table 1. The time windows (local time, GMT+2) used for calculat-
ing the day-time median concentrations at the seasonal and monthly
scale.
Season Months Time window
Summer 2006, 2007 June 07:00a.m.–18:00p.m.
Summer 2006, 2007 July 07:00a.m.–18:00p.m.
Summer 2006, 2007 August 07:00a.m.–18:00p.m.
Autumn 2006 September 09:00a.m.–16:00p.m.
Winter 2006 December 11:00a.m.–16:00p.m.
Winter 2007 January 11:00a.m.–16:00p.m.
Winter 2007 February 11:00a.m.–16:00p.m.
Spring 2007 March 09:00a.m.–17:00p.m.
Spring 2007 April 09:00a.m.–17:00p.m.
Spring 2007 May 09:00a.m.–17:00p.m.
season represented the time when the sun is high enough
to cause atmospheric mixing (Rinne et al., 2005). Further-
more the daytime observations presented the gas exchange
from stomata to air rather than the VOC deposition to leaves,
which may occur during night. The number of observations
varied between seasons due to temporary failures of the mea-
surement system. The longest gap in the dataset was from 26
September to 29 November, 2006.
2.3 Meteorological and biological measurements
Meteorologicaldatawereobtainedfromstandardhalf-hourly
micrometeorological measurements at the SMEAR-II sta-
tion. Air temperature was measured at 8.4 m using a ven-
tilated and shielded Pt-100 sensor. Precipitation was sam-
pled with bottles or buckets. Soil temperature (humus layer
at 5cm) and photosynthetically active photon ﬂux density
(PPFD, 400–700nm) were detected by a thermistor and
a quantum sensor (Li-Cor LI-190SZ), respectively. Wind
speed and direction were obtained from ultrasonic anemome-
ters (Thies Ultrasonic Anemometer 2-D). For a more de-
tailed description of the measurement systems see Vesala et
al. (1998).
We also measured net ecosystem exchange (NEE) using
the eddy covariance method (sonic anemometer with gas an-
alyzer Solent 1012R2). Wind speed and CO2 concentra-
tion were measured with frequency of 10Hz and the CO2-
ﬂux was calculated from the covariance of the vertical wind
speed and CO2 concentration ﬂuctuation and averaged over
30min. Total ecosystem respiration (TER) was estimated
from the nighttime NEE and extrapolated to cover daytime
using a temperature regression on organic layer temperature
(see M¨ akel¨ a et al., 2006). Gross primary production (GPP)
was calculated by subtracting TER from NEE. When mea-
sured NEE was rejected or missing, GPP was directly esti-
mated as a saturating function of PPFD. Note that GPP is
positive when CO2 ﬂux is towards the canopy and NEE is
negative.
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Soil water content, used for the determination of the
drought period, was measured continuously at several loca-
tions and depths using the time domain reﬂectometry (TDR)
method (TDR100, Campbell Scientiﬁc, Logan, UT, USA).
The drought period was deﬁned as a period when volumetric
soil water content in the mineral soil was below 0.15m3/m3
(B horizon 30cm). This value corresponds to soil water po-
tential of −2MPa and B-horizon represents the depth where
the trees take most of the water (Duursma et al., 2008). In the
summer of 2006 the soil water content was below the limit
value from 20 June to 30 August (data not shown). The ef-
fect of drought on the gas exchange of trees was detected in
the end of July and a signiﬁcant decrease was observed in
July–August. Summer 2006 was the driest summer detected
at SMEAR II station during the whole 12 years of measure-
ments.
The secondary growth of the Scots pine stems was mea-
sured using linear displacement transducers (LVDT; A/5.0/S
Solartron Inc., West Sussex, UK) on four representatives of
the dominant pine trees. The LVDTs were attached on rect-
angular steel frames mounted around the stems at about 2m
height. The stem diameter was recorded with the frequency
of 1/min and the diurnal diameter variation resulting from
changing water tension inside the xylem was eliminated by
using daily mean diameters. Xylem water tension is con-
trolled by the difference between soil water uptake and tran-
spiration. Transpiration can be seen as a consequence of
stomatal opening for carbon intake to be used in photosyn-
thesis. When the stomata are open, the stem shrinks and
when they are closed the stem swells. This applies as well
to the diurnal cycle as to long-term changes. Rainfall can be
seen as an overall increase in stem diameter and drought as
an overall shrinkage. Therefore, in addition to being an in-
dicator of secondary growth, changes in stem diameter can
be used for detecting the water status of the plant (Sevanto
et al., 2005). The changes in the diameter of the Scots pine
stems were measured during 1 May–31 October, 2006.
The daily shoot and needle growth of Scots pine was
measured on four trees, at four heights in the mornings
(09:00a.m.) at least twice a week. The marked main and
lateral shoots were measured from 21 May to 11 June and
needles from 12 June to 8 August, 2007.
2.4 Indicators for biological activity
2.4.1 State of development, S
In boreal evergreen species, seasonal changes in photosyn-
thetic activity are pronounced, and a number of processes
are inﬂuenced by these variations (¨ Oquist and Huner, 2003).
As an indicator of changes in photosynthetic capacity of the
trees we used the state of development, parameter S, formu-
lated by M¨ akel¨ a et al. (2004). S follows ambient temperature
(T, ◦C) in a delayed manner as
dS
dt
=
T − S
τ
(1)
where τ is a time constant (here 200h, see Kolari et al.,
2007). Photosynthetic capacity in Scots pine is related to
S via, approximately, sigmoidal relationship.
2.4.2 Thermal Time (TT)
A Thermal Time (TT) (Sarvas,1972) model was used to de-
termine the start of bud burst of deciduous trees in spring
at SMEAR-II station. TT model is the most straightforward
type of phenological models describing the start of bud de-
velopment from a ﬁxed calendar date in spring. The TT
model assumes that the environmental conditions required to
release the dormancy have taken place before the ﬁxed start-
ing date of temperature sum accumulation onset. The start-
ingdateforthetemperaturesumaccumulationcanbeconsid-
ered to represent environmental features that take place at the
same time in each year, the likely candidate being a chang-
ing day length (Linkosalo and Lechowicz, 2006; Linkosalo
et al., 2008). D(t) is a temperature sum considered to repre-
sent a stage of phenological event and is the sum of the posi-
tive differences (the rate of temperature accumulation r(T)),
between diurnal mean temperatures over critical temperature
threshold (Tcrit) value.
r(T) =

T − Tcrit : T > Tcrit,
0 : T < Tcrit
D(t) =
t X
t=t0
r(T)1t (2)
The forests near SMEAR II are mainly coniferous, but unfor-
tunately the parameter values (onset date for the temperature
sum accumulation, critical temperature sum threshold) have
not been determined for Scots pine or Norway spruce. There-
fore, we used the published values for birch and supposed
that they can be used as a proxy for the general dormancy
release status of tree foliage at the stand. The parameter val-
ues for birch (Betula pubescens) leaf bud burst were obtained
from Linkosalo et al. (2008). The starting date for tempera-
ture sum accumulation was 26 February, the critical temper-
ature sum threshold 1.5◦C and the critical temperature sum
threshold 134 day degrees.
3 Results and discussion
3.1 Analysis of BVOC transport
Although the forest surrounding the SMEAR II site is rather
homogenous, the local BVOC concentration could be af-
fected by emissions transported from nearby sources, espe-
cially when compounds with long atmospheric lifetime are
concerned (Rinne et al., 2007). The effect of BVOC trans-
port from sources other than the local forest (mainly the saw
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mills in the South-East direction) on the measured concen-
trations was analyzed using wind roses. Most clear evidence
of transported BVOC concentrations was found for monoter-
penes and isoprene (Fig. 2). Despite the long lifetime of
methanol and acetone, the high concentrations seemed to
come quite evenly from all directions. This could also be
a result of atmospheric secondary production (Legreida et
al., 2007), which peaks at the same time with photosynthe-
sis (high temperature and radiation). However, our measure-
ments were made at the top canopy level where atmospheric
mixing is high during daytime and therefore the concentra-
tions can be said to represent the local emission from the
forest. The main sources for transported BVOCs are in the
East (Korkeakoski Village) and South-East (the saw mills).
The dominant wind direction at SMEAR II station in all
seasons is West and South-West. However, to be sure that
the main potential source of transported BVOCs would not
affect our analysis, we ﬁltered out the concentrations mea-
sured during the South-East wind in further analysis. In our
case sawmill processes could have been an extra source espe-
cially for monoterpene concentrations. Also the local forest
logging activities could have affected the air concentrations
(emissions from stumps and cut wood). According to infor-
mation from local forestry authorities, several forest fells and
other harvesting operations (size of 0.5ha...10ha) were car-
ried out in the 0.7–3.5km distance of the measurement site
2–3 months before or during the measurement period (see
Fig. 1). We did not ﬁlter these directions because loggings
and forest management are a common practise in Finland and
we could not identify high concentration peaks to particular
operations.
3.2 BVOC concentrations
All the compounds except acetaldehyde showed clear sea-
sonal differences in the monthly day-time median concen-
trations (Fig. 3). The concentrations were in minimum dur-
ing the winter and in maximum during the summer. Ac-
etaldehyde concentrations were almost independent of the
season. We analysed changing concentration levels together
with the photosynthetic capacity (state of development, S)
and compared the occurrence of daily peak BVOC concen-
trations to simultaneous biologically sensitive (point) events
such as growth rate of stems, shoots and needles, leaf devel-
opment (bud burst) and photosynthesis for each compound
separately.
Methanol. In the autumn, the median monthly day-
time methanol concentrations were around 1ppbv, in spring
0.5ppbv and in summer around 2ppbv (Fig. 3). These
concentrations were clearly lower than those reported for a
mixed hardwood forest in the US (4, 8, 10ppbv, respec-
tively; Karl et al., 2003) or in the Duke forest in a loblolly
pine plantation (5.8ppbv) (Karl et al., 2005). The lower
seasonal concentration levels at our site are most likely re-
lated to the species composition and other site-speciﬁc fac-
tors. Hyyti¨ al¨ a observation site is dominated by Scots pine,
while the mixed hardwood forest was dominated by aspen
species, and the Duke stand also had some sweet gum as un-
derstorey growth. Signﬁcant differences may exist among
plant species in their methanol emission capacity, due to e.g.
differences in the fraction of cell walls and pectin content
of leaves (Galbally and Kirstine, 2002). Also, in a temper-
ate ecosystem the emissions from decaying plant material
(Warneke et al.,1999) may be larger than in a relatively cool
boreal coniferous stand.
The increasing photosynthetic capacity in the spring
(2007), described by the “state of development” parameter
S (Eq. 1), correlated well (r=0.72) with methanol concen-
trations between 15 March and 31 May. After that, S could
not predict the measured concentrations (Fig. 4). Methanol is
formed during cell wall expansion in pectin biosynthesis pro-
cess (Galbally and Kirstine, 2002) and therefore it is likely
that the increasing concentrations during spring could be re-
lated to increasing leaf area in spring and photosynthetic ac-
tivity.
In summer 2006 there were three periods of clearly ele-
vated methanol concentration peaks (Fig. 5). The ﬁrst maxi-
mum concentration, 7.0ppbv, was observed on 13 June. Ac-
cording to long-term recordings of Hyyti¨ al¨ a area, the bud
burst of birch (Betula pendula/pubescens L.) takes place in
mid-May (Lappalainen and Heikinheimo, 1992) and the full
leaf area of deciduous tree species is reached in the second
week of June. The observed maximum day-time concentra-
tion of 7ppbv is, however, a decade lower than what has been
earlier measured in springtime in a mixed hardwood forest or
in a pine plantation (Karl et al.,2003; Schade and Goldstein,
2006).
The second peak concentration occurred in the beginning
of July. At that time the total ecosystem respiration (TER)
started to increase (Fig. 6) and the growth rate of the stems
decreased showing even stem shrinkage (Fig. 5), which re-
sulted from drying soil. The third peak occurred later in sum-
mer, during the summer drought. The maximum concentra-
tions at that time were 5.4ppbv on 8 August and 4.8ppbv on
14 August and they coincided with two fast swelling events
of the stem (Fig. 5) that resulted from precipitation events
at the end of the drought period. However at the same time
the decreased photosynthesis (GPP) and the probable stom-
atal closure during drought could also refer to potential soil
emissions (Schade and Goldstein, 2001). Our results agree
with the results of Asensio et al. (2007) who have presented
thatsoildroughttendtoincreasetheemissonsratesofseveral
VOCs.
In the autumn the level of methanol concentrations de-
creased. Some high and elevated concentrations were ob-
served in September (2.4ppbv on 13 September and 2.5ppbv
on 23 September), which might be attributed to senescing
and decaying biomass (Fall, 2003; Warneke et al., 1999).
Due to a data gap in October we could not conclude the effect
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Fig. 2. Seasonal wind roses of wind (24 h - hourly data, 8.4 m) at the SMEAR-II station in summer (June-July-August-2006), autumn
(September, October, November 2006), winter (January-February 2007), in spring (March, April, May 2007) and summer 2007 (June-July-
August-2007).
melt on the measured concentrations, because the two oc-
curred almost simultaneously.
As earlier discussed, the increasing trend in methanol
concentrations in late spring may reﬂect the increasing leaf
biomass and the synthesis of the compound in the cell wall
elongation processes (see Fall 2003). Based on thermal time
(Eq.2) the onset of ﬂowering for grey alder (Alnus incana)
would have been on April 14 and the bud burst of birch (Be-
tula pubescens) around May 14. According to long-term
recordingswe estimate that budburstof aspen (Populus trem-
ula) was around May 27 and the full leaﬁng as attained
around May-June (Lappalainen and Heikinheimo, 1992) at
the time when also the shoot growth of Scots pine started
(Fig.5).
In summer 2007 elevated concentrations were detected
when the shoot and needle growth rates were at maximum.
Earlier experiments have demonstrated high methanol ﬂuxes
in an aspen-oak forest just during the bud break and then a
decline as leaves expanded. In both summers 2006 and 2007
we observed minimum in methanol concentrations when ei-
ther the stem growth or shoot growth ceased.
Acetaldehyde. Contrary to other studied compounds we
were not able to detect a clear seasonal variation in the ac-
etaldehyde concentrations. Summer concentrations were in
Fig. 2. Seasonal wind roses of wind (24h – hourly data, 8.4m) at the SMEAR-II station in summer (June-July-August-2006), autumn
(September-October-November 2006), winter (January-February 2007), in spring (March-April-May 2007) and summer 2007 (June-July-
August-2007).
of biological factors such as dormancy and defoliation on the
measured concentrations or the emission capacity.
During winter the methanol concentrations stayed under
0.7ppbv. They started to rise again in mid-March indicating
close relationship with spring recovery of photosynthetic ac-
tivity, which was observed in 2007 on 15 March (see Fig. 4).
High concentration peaks of methanol, 1.6ppbv, were also
measured in the end of the snowmelt period, on 27 March.
This might be due to release of methanol accumulated into
or below the snow pack. Because of the high water solubil-
ity of methanol, the melting of snow might have produced
emission bursts. Elevated concentrations during several days
detected after mid-March coincided with the onset of photo-
synthetic activity (GPP) (see Fig. 6). It is difﬁcult to sepa-
rate between the effects of the onset of photosynthesis and
snow melt on the measured concentrations, because the two
occurred almost simultaneously.
As earlier discussed, the increasing trend in methanol
concentrations in late spring may reﬂect the increasing leaf
biomass and the synthesis of the compound in the cell wall
elongation processes (see Fall, 2003). Based on thermal
time (Eq. 2) the onset of ﬂowering for grey alder (Alnus
incana) would have been on 14 April and the bud burst of
birch (Betula pubescens) around 14 May. According to long-
term recordings we estimate that budburst of aspen (Populus
tremula) was around 27 May and the full leaﬁng as attained
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Fig. 3. Monthly day-time median values of BVOC concentrations
at SMEAR II stations between June 2006 and August 2007.
Fig. 4. An 8-day running median of BVOC concentrations versus
state of development (S) of methanol and acetone from March 15 to
August 2007.
2006 above and in 2007 below 0.3 ppbv (Fig.3) and win-
ter concentrations varied from 0.16 to 0.33 ppbv. Acetalde-
hyde is synthesized via several pathways especially under
different stress conditions (Graus et al., 2004) which may
cause more sporadic diurnal concentration peaks through-
Fig. 5. A day-time median of BVOC concentrations (ﬁve top pan-
els) during June 2006 May 2007 and the secondary growth of Scots
pine stem (1.3 m) (Jun-1 − Oct-30, 2006) and Scots pine shoot
(blue) and needle (green) growth rate (May-21 − Aug-8, 2007)
(sixth panel). The exact days for the speciﬁc events marked in the
ﬁgure are the following: Drought period (Jul-20 Aug-31), end of
thermal growing season (Oct-24), snowcover period (Jan-15 Mar-
27), onset of photosynthesis (Mar-15) and birch bud burst(Betula)
(May-14).
out the annual cycle. In our study the only clear long-
lasting stress event was the exceptional drought in summer
2006. The acetaldehyde maximum concentration, 1.7 ppbv,
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the time when also the shoot growth of Scots pine started
(Fig. 5).
In summer 2007 elevated concentrations were detected
when the shoot and needle growth rates were at maximum.
Earlier experiments have demonstrated high methanol ﬂuxes
in an aspen-oak forest just during the bud break and then a
decline as leaves expanded. In both summers 2006 and 2007
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2006. The acetaldehyde maximum concentration, 1.7 ppbv,
Fig. 5. A day-time median of BVOC concentrations (ﬁve top pan-
els) during June 2006–May 2007 and the secondary growth of Scots
pine stem (1.3m) (1 June–30 October, 2006) and Scots pine shoot
(blue) and needle (green) growth rate (21 May–8 August, 2007)
(sixth panel). The exact days for the speciﬁc events marked in
the ﬁgure are the following: Drought period (20 July–31 August),
end of thermal growing season (24 October), snowcover period (15
January–27 March), onset of photosynthesis (15 March) and birch
bud burst (Betula) (14 May).
we observed minimum in methanol concentrations when ei-
ther the stem growth or shoot growth ceased.
Acetaldehyde. Contrary to other studied compounds we
were not able to detect a clear seasonal variation in the ac-
etaldehyde concentrations. Summer concentrations were in
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were signiﬁcantly correlated with each other. The temper-
ature relationship could explain 65 or 67 percent of the vari-
ation in methanol, acetone and isoprene concentrations (see
Fig.7). For acetaldehydeand monoterpenesthe degree of ex-
planationwas 24and29percent,respectively. Thislow value
may resultfromthedifferentbiosynthesisandemission path-
ways of these compounds. Acetaldehyde emissions are in
many cases related to stress responses (Fall, 2003), which
implies other regulatory factors besides temperature. In our
case e.g. the periodic drought could have been stimulating
the emission of acetaldehyde (Fig.5).
Monoterpene concentrations had several distinct peaks,
which did not follow the temperature response pattern of the
rest of the monoterpene data. Monoterpene emissions from
the coniferous foliage may originate from both de novo syn-
thesis and permanent storage pools (Shao et al., 2001; Ghi-
rardo et al., 2009). Therefore, the emissions are probably
regulated by several factors. In a short term, temperature has
an effect on the diffusion and the equilibrium coefﬁcients
between storage pools (Copolovici and Niinemets, 2005).
However, the storage pool turnover rates depend also on the
physical location and structure of the storage. If the storage
is located in the liquid compartments (such as for example
methanol or acetone), then the liberation of molecules from
the storage may be more directly related to temperature than
in the case when the storage is in lipid compartments or in
specialized storage structures (such as most of the monoter-
penes).
Air temperature is the driving factor behind biological ac-
tivity in a long time scale (Hari and Kulmala, 2008). In ad-
dition to its direct effects through volatility, air temperature
inﬂuences the BVOC emissions indirectly, by affecting leaf
development and photosynthetic capacity and thereby also
the biosynthesis of volatile compounds. Gray et al. (2006)
used a variable describingthermal history to model the emis-
sions of methylbutenol (MBO) from ponderosapine foliage,
in order to correct for seasonal changes in the standard emis-
sion capacity. This approach proved useful for MBO, but for
other compounds it has not been properly tested. Our data
suggest that also for methanol, acetone and monoterpenes
some longer term temperature inﬂuence could be important.
The speciﬁc role of temperature history and foliage develop-
ment in the unforeseen high BVOC emissions during spring-
time warrants further studies, which are only possible with
this kind of long time series of data.
4 Conclusions
Thecontinuousday-timeconcentrationmeasurementsofiso-
prenoids and three oxygenated BVOCs in a boreal forest
site, measured over ﬁfteen months by highly sensitive PTR-
MS technique above a Scots pine canopy provide an excel-
lent opportunity to connect the plant biological activity and
BVOC emissions. The major part of the measured concen-
Fig. 6. Seasonal changes of meteorological factors and ecosystem
gas exchange during the period June 1, 2006 August 31, 2007 at
SMEAR II station. In the top panel the thick line is the S parameter
(see eq. 1) and the thin line is the air temperature. The values
presented are the day-time daily medians.
trations originated from emissions from the local forest. El-
evated concentrations were associated with seasonal events
Fig. 6. Seasonal changes of meteorological factors and ecosystem
gas exchange during the period 1 June, 2006–31 August, 2007 at
SMEAR II station. In the top panel the thick line is the S parame-
ter (see Eq. 1) and the thin line is the air temperature. The values
presented are the day-time daily medians.
2006 above and in 2007 below 0.3ppbv (Fig. 3) and win-
ter concentrations varied from 0.16 to 0.33ppbv. Acetalde-
hyde is synthesized via several pathways especially under
different stress conditions (Graus et al., 2004) which may
cause more sporadic diurnal concentration peaks through-
out the annual cycle. In our study the only clear long-
lasting stress event was the exceptional drought in summer
2006. The acetaldehyde maximum concentration, 1.7ppbv,
was observed during that period, on 13 August. After the
drought, the monthly concentrations decreased towards win-
ter and were at minimum (0.17ppbv) in January (Fig. 5).
In February and March, during the snow cover period, the
concentrations were around 0.20ppbv fairly constantly. Be-
cause the low possible soil emissions due to snow cover and
low biogenic sources due to the low GPP, the observed win-
tertime acetaldehyde concentrations might be attributed to
antrophogenic sources. Near the timing of budburst some el-
evated acetaldehyde peaks could be detected, but compared
to other compounds the increase was minor. In summer 2007
no speciﬁc peaks of acetaldehyde concentrations were ob-
served.
Acetone. Scots pine and Norway spruce are the dominat-
ing tree species in SMEAR II and are known as signiﬁcant
source of acetone emissions (Janson and Serves, 2001). Ace-
tone concentrations behaved similarly to methanol and had
synchronous seasonal pattern and concentration peaks. The
similar behavior of methanol and acetone is partly explained
by their relatively long atmospheric lifetime, over 10 days
(Atkinson and Arey, 2003).
In summers 2006 and 2007 acetone monthly daytime con-
centrations were around 1.5–1.7ppbv (Fig. 3) with the high-
est measured peaks just under 4.5ppbv (Fig. 5). Similarly
to methanol, these concentrations were lower than those re-
ported for a mixed hardwood forest (5.6ppbv) by Karl et al.
(2003). This was the case even though Scots pine has been
shown to emit methylbutenol (MBO) in mid-summer (Tar-
vainen et al., 2005), which could be an additional source
for acetone also in our data. According to Goldstein and
Schade (2000), direct biogenic acetone emissions accounted
for about 35% of acetone concentrations in a ponderosa pine
forest, whereas the oxidation of biogenic MBO contributed
about twice as much to the acetone concentrations.
Similar to methanol and acetaldehyde, also the maximum
summer concentration of acetone, >4.0ppbv, were mea-
sured during the drought period, on 8–10 August. In early
September day-time concentration decreased to 0.8–2.2ppbv
(Fig. 5). Karl et al.(2003) observed an emission peak in fall
in a hardwood forest which could be attributed to the dying
biomass like in the case of acetaldehyde. In winter the con-
centrations were clearly lower than 0.5ppbv. In spring ace-
tone concentrations increased again similar to methanol con-
centrations, andthephotosyntheticcapacity(S)couldpredict
the increase in acetone concentrations as well (Fig. 4).
Isoprene. Also isoprene concentrations showed a clear
winter minimum and summer maximum. However, the
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springtime increase in isoprene concentrations was more
abrupt than the increase in methanol and acetone (Fig. 3).
The monthly median of the concentrations jumped from
0.07ppbv in May directly to 0.16ppbv in June. This increase
was faster than the increase in photosynthetic capacity (S),
however S could also explain springtime isoprene concentra-
tions (r=0.85) equally well as the increase in methanol and
acetone concentrations (Fig. 4).
The summer concentrations of isoprene were above
0.14ppbv while the winter and early spring concentrations
were below 0.06ppbv (Fig. 3). Interestingly, the winter
timebackgroundconcentrationsandtheconcentrationsinthe
spring were high compared to those measured by Hakola et
al. (2000) in Eastern Finland, although the summer concen-
trations were similar (Hakola reported 3–8pptv in May, 115–
155pptv in June, 228–346ppbv in July). The abrupt increase
in isoprene concentrations in June was similar to the one re-
ported by Hakola et al. (2000). The rapid rise in the early
summer isoprene concentration could be explained by the
capability of trees to synthesize and emit isoprenoids, which
generally develops during the early stages after leaf emer-
gence. In several tree species the onset of isoprenoid emis-
sions has been observed to occur several days, up to weeks
after full leaf expansion and gradually increase until the peak
is reached in early summer (Fischbach et al., 2002; Hakola et
al., 2001; Karl et al., 2003, Lindfors and Laurila, 2000). The
full leaf area of deciduous trees was attained around the sec-
ond week of June in Hyyti¨ al¨ a and may explain the elevated
concentrations in June in both summers.
We detected six potential cases of elevated isoprene con-
centrations which could be attributed to biological activity
(Fig. 5). There were three maxima in summer 2006: One
in mid-June (0.25ppbv), one in early July (>0.4ppbv) and
one in the end of August (>0.5ppbv). All the peaks co-
incided with a rapid increase in the diameter of tree stems
(Fig. 5). The ﬁrst and the third occurred simultaneously with
rainfall events, which resulted in stems swelling more than
the growth rate alone would indicate. The second occurred
at the time when the growth rate was highest. In August the
increase in stem diameter after rain fall was most pronounced
because the drought had lead to over-all shrinkage of the
stems. Again in the end of spring 2007, the elevated iso-
prene concentrations occurred simultaneously with the max-
ima of the Scots pine shoot and needle growth rates. The
peak in August 2007 occurred when soil temperature reached
its maximum.
Monoterpenes. Like isoprene, the monthly median
monoterpene concentrations increased rapidly in June
(Fig. 3). The wintertime concentrations were below 0.1ppbv.
In May the concentration increased to 0.13ppbv and in June
the concentration was >0.25ppbv. Our concentrations were
similar to those observed in a Scots pine forest in central
Sweden (Janson, 1992) and the fast increase in June could
also be seen in the measurements of Hakola et al. (2000).
The monoterpene peak concentrations relative to monoter-
pene base concentration were higher than the peaks of
other compounds relative to their base concentration. The
monoterpenepeakconcentrationswereoverﬁvetimeshigher
than the base level, but for other compounds the largest dif-
ference was found for acetaldehyde where the 2006 summer-
time peak was about three times higher than the average con-
centration at that time (Fig. 5). Conifers possess signiﬁcant
monoterpene storage pools in their trunk and needles, which
can be volatilized when temperatures are high enough, even
though the de novo synthesis would be decreased due to lack
of photosynthates. For monoterpenes the observed peak con-
centration could be enhanced by emissions from the storage
pools. This could have been the case, especially, for the sec-
ond peak in August 2006, when we observed high concen-
trations during the drought with decreased photosynthesis
(GPP) (Fig. 6). Furthermore, all the peaks, except the ﬁrst
one in early July 2006 and the winter peak in early March
occurred when air temperature increased above 20◦C. The
ﬁrst peak in 2006 appeared right after a rain fall event, when
GPP and air temperature were in minimum. This concen-
tration peak occurred earlier than the peaks for other com-
pounds which took place when the air temperature increased
after the rainfall. The peak concentration in mid-August
2007 occurred when soil temperature was at maximum. The
high concentrations during the drought could also result from
emissions from the soil (Asensio et al., 2007; Leff and Fierer,
2008).
The monoterpene concentrations started to decline soon
after the summer drought had ceased. This might be asso-
ciated with the leaf drop-out or senescence. Fischbach et
al. (2002) have suggested that the capacity of monoterpene
emission in Holm oak (Quercus ilex) declines with leaf age
similarly to leaf photosynthetic potential. The decrease of
concentrations could also be enhanced by high temperatures
and the chemical reactions with O3, OH and NO3 in the air
(Atkinson and Arey, 2003). The relatively high monoter-
pene concentrations in early March are puzzling: emissions
should be rather low due to winter dormancy period and low
temperatures. Tarvainen et al. (2005) and Hakola et al.,
(2006) have also reported high monoterpene emission rates
inMarchandAprilatthesamesite. Onepossibleexplanation
is a stress induced by a sudden cold spell, which may have
caused an unbalance between the light and dark reactions of
photosynthesis, and thus isoprenoid emissions as a conse-
quence of energy overﬂow to the photosystem II (Penuelas
and Munne-Bosch, 2005).
Relationships between compounds. The concentrations
of the compounds were signiﬁcantly correlated with each
other (Table 2). The peak concentrations occurred simul-
taneously for all compounds except monoterpenes in June
2006. This happened even if the biological processes synthe-
sizing BVOCs are different. The highest correlation was be-
tween methanol and acetone (0.88), which was similar to re-
ported by Karl et al. (2003) and Rinne et al. (2005). Acetone
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Table 2. Correlation between different compounds (day-time me-
dians) during the period between 1 June, 2006 to 31 May, 2007,
winter months due to low biological activity omitted from the anal-
ysis (n=333).
– M45 M59 M69 M137
M33 0.72 0.88 0.74 0.52
M45 – 0.81 0.69 0.47
M59 – – 0.83 0.62
M69 – – – 0.66
concentration was also well correlated with the concentra-
tions of the other compounds. The correlations of monoter-
pene concentrations with other compounds were lowest (al-
though >0.45). This is due to the monoterpene peak concen-
trations not always occurring simultaneously with peak con-
centrations of other compounds. Our results show that the
concentrations can be driven by one or several environmental
factors which, for example, strongly control their volatility
(Penuelas and Llusia, 2004). It should also be kept in mind
that the observed intercorrelation of compounds not only re-
ﬂect emission processes, but may also relate to the fast atmo-
spheric oxidation processes, where one compound is a prod-
uct of another like acetone is for monoterpenes (Atkinson
and Arey, 2003).
BVOCsemittedbyplantscanentertheatmosphereviatwo
ways, either via stomatal pores and/or directly thought the
cuticle. The emissions pathway into the air depends on the
chemical character of the compound concerned. Methanol,
acetone and acetaldehyde emissions are controlled by stom-
ata more than isoprene and monoterpenes, which can also
be released through the cuticle (Niinemets and Reichstein,
2003). It is interesting that the concentrations of all stud-
ied compounds peaked during the drought, when GPP was
reduced because of stomatal closure. This indicates either
some unaccounted sources or different processes regulating
emissions under drought stress.
3.3 Factors effecting BVOC concentrations in a boreal
forest
Of the environmental factors (air temperature (Tair), soil
temperature (Tsoil), radiation (PPFD), photosynthesis (GPP)
and total ecosystem respiration (TER) (Fig. 6), all the studied
BVOC concentrations correlated best with day-time air tem-
perature (Table 3). Also the correlations between BVOCs
and biological factors (GPP and TER) were always weaker
than the correlation with Tair. Soil temperature failed in ex-
plaining the concentrations especially in spring (frost) and
during the summer drought (low soil water content). Weaker
correlations between BVOC concentrations and GPP were
particularly evident during the summer drought.
Table 3. Correlation between day-time BVOC concentrations and
air temperature (Tair), soil temperature in the humus layer (Thum),
photosynthetic active radiation (PPFD), photosynthesis (GPP), total
ecosystem respiration (TER) during 1 June, 2006–31 August, 2007
(December-February-January omitted, n=395).
Tair Thum PPFD GPP TER
Methanol 0.74 0.62 0.52 0.55 0.60
Acetaldehyde 0.42 0.32 0.13 0.11 0.20
Acetone 0.75 0.67 0.33 0.41 0.57
Isoprene 0.72 0.70 0.32 0.45 0.60
Monoterpenes 0.50 0.52 0.13 0.27 0.46
The terpenoid emissions are often presented as a function
of temperature alone (monoterpenes) or temperature together
with light intensity (isoprene) (e.g. Monson et al., 1995;
Guenther et al., 1995). We found that if the BVOC con-
centrations in our boreal pine forest stand are explained by
one environmental factor, air temperature (t) was the best.
The concentrations were best described by an exponent func-
tion y=ae(bt) (Fig. 7). In general the temperature dependence
functions of terpenoids and other compounds were quite sim-
ilar. This was not a surprise because their concentrations
were signiﬁcantly correlated with each other. The temper-
ature relationship could explain 65 or 67 percent of the vari-
ation in methanol, acetone and isoprene concentrations (see
Fig. 7). For acetaldehyde and monoterpenes the degree of
explanation was 24 and 29 percent, respectively. This low
valuemayresultfromthedifferentbiosynthesisandemission
pathways of these compounds. Acetaldehyde emissions are
in many cases related to stress responses (Fall, 2003), which
implies other regulatory factors besides temperature. In our
case e.g. the periodic drought could have been stimulating
the emission of acetaldehyde (Fig. 5).
Monoterpene concentrations had several distinct peaks,
which did not follow the temperature response pattern of the
rest of the monoterpene data. Monoterpene emissions from
the coniferous foliage may originate from both de novo syn-
thesis and permanent storage pools (Shao et al., 2001; Ghi-
rardo et al., 2009). Therefore, the emissions are probably
regulated by several factors. In a short term, temperature has
an effect on the diffusion and the equilibrium coefﬁcients
between storage pools (Copolovici and Niinemets, 2005).
However, the storage pool turnover rates depend also on the
physical location and structure of the storage. If the storage
is located in the liquid compartments (such as for example
methanol or acetone), then the liberation of molecules from
the storage may be more directly related to temperature than
in the case when the storage is in lipid compartments or in
specialized storage structures (such as most of the monoter-
penes).
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Table 3. Correlation between day-time BVOC concentrations and
air temperature (Tair), soil temperature in the humus layer (Thum),
photosynthetic active radiation (PPFD),photosynthesis (GPP),total
ecosystem respiration (TER) during June 1, 2006 August 31, 2007
(December-February-January omitted, n=395).
Tair Thum PPFD GPP TER
Methanol 0.74 0.62 0.52 0.55 0.60
Acetaldehyde 0.42 0.32 0.13 0.11 0.20
Acetone 0.75 0.67 0.33 0.41 0.57
Isoprene 0.72 0.70 0.32 0.45 0.60
Monoterpenes 0.50 0.52 0.13 0.27 0.46
Fig. 7. The BVOC concentrations as a function of air temperature.
The ﬁtted curves were exponent functions, y = ae
(bt), where t=air
temperature.
related to plant physiologicalturning points and changed en-
vironmentalconditions. The studied compoundswere highly
correlated each other and were also closely correlated with
air temperature. We could not distinguish different biogenic
sources, but based on wind direction analyses most of the
concentrations were representing the local forest. We also
detected no decrease in BVOC concentrations during an ex-
ceptional summer drought although photosyntesis was low.
We determined temperature dependence function for each
compound in a boreal forest canopy scale. These functions
were ﬁt to data, which covered periods of summer drought,
warmautumnandwarmspring. However,it shouldbeunder-
lined that the responses can be different during other speciﬁc
conditions for example in a cold summer.
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Fig. 7. The BVOC concentrations as a function of air temperature.
The ﬁtted curves were exponent functions, y=ae(bt), where t=air
temperature.
Air temperature is the driving factor behind biological ac-
tivity in a long time scale (Hari and Kulmala, 2008). In ad-
dition to its direct effects through volatility, air temperature
inﬂuences the BVOC emissions indirectly, by affecting leaf
development and photosynthetic capacity and thereby also
the biosynthesis of volatile compounds. Gray et al. (2006)
used a variable describing thermal history to model the emis-
sions of methyl butenol (MBO) from ponderosa pine foliage,
in order to correct for seasonal changes in the standard emis-
sion capacity. This approach proved useful for MBO, but for
other compounds it has not been properly tested. Our data
suggest that also for methanol, acetone and monoterpenes
some longer term temperature inﬂuence could be important.
The speciﬁc role of temperature history and foliage develop-
ment in the unforeseen high BVOC emissions during spring-
time warrants further studies, which are only possible with
this kind of long time series of data.
4 Conclusions
Thecontinuousday-timeconcentrationmeasurementsofiso-
prenoids and three oxygenated BVOCs in a boreal forest
site, measured over ﬁfteen months by highly sensitive PTR-
MS technique above a Scots pine canopy provide an excel-
lent opportunity to connect the plant biological activity and
BVOC emissions. The major part of the measured concen-
trations originated from emissions from the local forest. El-
evated concentrations were associated with seasonal events
related to plant physiological turning points and changed en-
vironmental conditions. The studied compounds were highly
correlated each other and were also closely correlated with
air temperature. We could not distinguish different biogenic
sources, but based on wind direction analyses most of the
concentrations were representing the local forest. We also
detected no decrease in BVOC concentrations during an ex-
ceptional summer drought although photosyntesis was low.
We determined temperature dependence function for each
compound in a boreal forest canopy scale. These functions
were ﬁt to data, which covered periods of summer drought,
warmautumnandwarmspring. However, itshouldbeunder-
lined that the responses can be different during other speciﬁc
conditions for example in a cold summer.
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